A small container of several to a few hundred mm 3 (i.e. bacterial cells and eukaryotic nuclei) contains extremely long genomic DNA (i.e. mm and m long, respectively) in a highly organized fashion. To understand how such genomic architecture could be achieved, Escherichia coli nucleoids were subjected to structural analyses under atomic force microscopy, and found to change their structure dynamically during cell growth, i.e. the nucleoid structure in the stationary phase was more tightly compacted than in the log phase. However, in both log and stationary phases, a fundamental ®brous structure with a diameter of~80 nm was found. In addition to this`80 nm ®ber', a thinner`40 nm ®ber' and a higher order`loop' structure were identi®ed in the log phase nucleoid. In the later growth phases, the nucleoid turned into a`coral reef structure' that also possessed the 80 nm ®ber units, and, ®nally, into a`tightly compacted nucleoid' that was stable in a mild lysis buffer. Mutant analysis demonstrated that these tight compactions of the nucleoid required a protein, Dps. From these results and previously available information, we propose a structural model of the E.coli nucleoid.
INTRODUCTION
The genome consists of a few million (bacteria) to a billion (eukaryotes) base pairs of DNA. This long genomic DNA is housed in a small container with a volume of several (bacterial cell) to a few hundred mm 3 (eukaryotic nucleus) in a highly compacted but well-organized fashion.
In the case of eukaryotes, the genomic DNA is assembled into higher order structures under a balance of the physical properties of the double-stranded DNA and the mechanical effects of DNA±protein interactions (1, 2) . The major species of proteins associated with the genome are histones. In eukaryotes,~150 bp long DNA wraps (about 1.75 turns) around a histone octamer (two of each of histone H2A, H2B, H3 and H4), and makes up a nucleosome, a basic unit of chromatin ®bers (1,3±9). Such nucleosomes have been identi®ed as a`beads-on-a-string' structure by atomic force microscopy (AFM) (10±13) as well as by electron microscopy (14±17). However, higher order structures beyond this beadson-a-string structure have not been successful targets of investigations. In the models currently believed, the basic chromatin ®ber is thought to fold into 30 nm and/or thicker solenoid ®bers, the formation of which is critical for the regulation of gene duplication and expression (18) .
The formation of the nucleosome structure has been recognized as one of the basic differences between prokaryotes and eukaryotes. However, bacteria contain histone-like proteins, such as HU and IHF, which exist in the nucleoid, a bacterial form of the genome architecture (19±21). The HU proteins, like core histones in eukaryotes, form homo-or hetero-dimers and hetero-octamers (22±24) and are considered to play critical roles in the construction of nucleoids via the formation of a nucleosome-like structure (20, 25) . Because of the similarity in molecular properties between the eukaryotic histones and the prokaryotic histone-like proteins, the basic molecular mechanism of genome packing may be common in prokaryotes and eukaryotes. Thus, the bacterial nucleoid, which is smaller than the eukaryotic chromosome, can be a model system to understand the fundamental genome folding mechanism.
In this study, a nano-structural analysis utilizing AFM was applied to elucidate the higher order structure of the E.coli nucleoid. Since AFM allows molecular imaging at the nanoscale without sample ®xation or staining, it successfully revealed the existence of a basic structural unit as seen in the eukaryotic chromosome. The mode of packaging of the nucleoids was found to change during cell growth.
MATERIALS AND METHODS

Bacterial strains and growth conditions
A well-isolated colony of the E.coli strains (K-12 W3110 and XL-1 blue) or a Dps-de®cient mutant strain (Ddps) of W3110 (26) on LB agar plate was transferred into 2 ml of LB medium and cultured at 37°C with constant shaking (220 r.p.m.) for 24 h. A 2 ml aliquot of the saturated culture was inoculated into 2 ml of fresh LB and cultured at 37°C with constant shaking *To whom correspondence should be addressed. Tel/Fax: +81 75 753 6852; Email: takeyasu@lif.kyoto-u.ac.jp (220 r.p.m.) to a certain cell density. The cell density was determined by the absorbance at a wavelength of 600 nm.
Cell lysis
The cells in different growing phases were collected by centrifugation (12 000 g at 0°C for 3 min), washed with 1Q phosphate-buffered saline (PBS) and resuspended in 1Q PBS. A 5 ml aliquot of the cell suspension was deposited onto a round coverglass 18 mm in diameter. The extra liquid on the coverglass was blown off by nitrogen gas and the coverglass was then dipped in 2 ml of a buffer containing 100 mM Tris±HCl pH 8.2, 0.1 M NaCl and 1 mM NaN 3 . After 5 min, lysozyme was added to a ®nal concentration of 25 mg/ml. After 1 min incubation, a detergent solution containing Brij 58 (polyoxyethylene hexadecylether) and sodium deoxycholate was added to a ®nal concentration of 0.25 and 0.1 mg/ml, respectively. After 10 min, the coverglass was dried under nitrogen gas. The surface of coverglass was gently washed with distilled water and dried again.
Microscopy
The samples were visualized under an atomic force microscope (Seiko Instruments Inc.). The imaging was performed in a dynamic force mode (DFM) with a 150 mm scanner in air at room temperature. The cantilevers (Olympus) had a resonant frequency of~300 kHz and a spring constant of 42 N/m. The scan was performed at 0.4 Hz, and images were captured in 512 Q 512 pixel format. For the¯uorescence microscopy, the sample was incubated in Hoechst 33258 solution (1 mg/ml in 1Q PBS) for 1 min and then washed with PBS twice. The sample was observed under a¯uorescence microscope (Axiovert 200, Zeiss) and the images were captured by a digital camera (AxioCam, Zeiss).
The analysis of the obtained AFM images was performed with an image analysis program accompanying the imaging module (Seiko Instruments). Two parameters were measured: the widths of isolated ®bers and the peak-to-peak distances of connected ®bers and beads. The width of an isolated ®ber on an AFM image is affected by the tip size, whereas the peak-topeak distance is not. Therefore, the real widths of the isolated ®bers were obtained by measuring the widths at the halfmaximum height (FWHM; full width at half-maximum). This procedure is able to subtract the size effect of the scanning tip as described previously (27) .
Western blot analysis
Bacterial strain W3110 and the Dps-de®cient mutant were grown in LB medium at 37°C and harvested after~3 (log phase),~7 (early stationary phase), 24, 48 and 72 h. The growth phase is determined by OD 600 ; log (0.2 < OD 600 < 1.0), early stationary (1.0 < OD600 < 2.0). Cells were washed with PBS, freeze-thawed three times and re-suspended in SDS sample buffer (50 mM Tris±HCl pH 6.8, 2% SDS, 1% 2-mercaptoethanol, 10% glycerol, 0.025% bromophenol blue). An equal amount of the cell lysate was loaded onto each well and subjected to SDS±PAGE. The gels were analyzed either by Coomassie brilliant blue staining or by immunoblotting with polyclonal antibodies against Dps, HU and IHF.
Complementation of the Ddps phenotype
The coding sequence for the Dps protein was ampli®ed by PCR and subcloned into the pCA24N vector (28) by using StuI restriction sites. The green¯uorescent protein (GFP) sequence in the pCA24N vector was deleted by S®I restriction and the vector was renamed pHM44. The dps gene is now under the control of the pT5/lac promoter and the gene expression can be induced by isopropyl-b-D-thiogalactopyranoside (IPTG). The plasmid was then introduced into a dps-de®cient strain of W3110. The cells at different growth phases were exposed to IPTG (5 mM) for varying periods of time and subjected to AFM analyses.
Search in the bacterial genome database
The orthologs of E.coli nucleoid proteins (CbpA, DnaA, CbpB, Dps, HU/IHF, Hfq, Fis, H-NS/StpA, IciA/LysR and Lrp/AsnC) in the other bacteria whose genome projects were completed were searched on SSDB (Sequence Similarity Database) (29) . When orthologs or closely related homologs were not found in a certain species, a FASTA search of the genes and genomes was done on the KEGG database (Kyoto Encyclopedia of Genes and Genomes) (29) using the nucleoid proteins of interest as queries.
RESULTS
The nucleoid is fragile and its molecular structure changes drastically during its isolation and puri®cation. Here we developed a procedure to mildly lyse bacterial cells on a coverslide so as to spread the nucleoid directly on the coverslide, followed by AFM imaging without any puri®ca-tion, ®xation or staining steps. This cell lysis procedure was adapted from the previous study (30) with several modi®ca-tions; the amounts of lysozyme and detergent were adjusted to optimize the lysis conditions, and the osmotic shock treatment was not employed in order to avoid any harsh effects on the nucleoid structure. Using the newly developed method, several novel and unique features of the bacterial nucleoid were identi®ed.
Growth phase-dependent change in the overall structure of the nucleoid Escherichia coli strain W3110 was grown in LB medium and harvested in the lag (OD 600 < 0.2), log (0.2 < OD 600 < 1.0), early stationary (1.0 < OD600 < 2.0) and late stationary (OD 600 > 2.0) phases. The cells were attached onto a coverslide, lysed under mild conditions and stained with Hoechst 33258. Observation using a¯uorescence microscope revealed different nucleoid structures in different growth phases (Fig. 1A±D) . Thin ®bers of DNA spreading out from the cell were observed in the log phase nucleoid (Fig. 1B) . Towards the stationary phase, however, the DNA ®bers became tightly compacted and hardly spread out (Fig. 1D) . After this transition, the DNA ®ber was never released from the nucleoid by the mild detergent treatment. These observations suggest that the DNA was compacted more tightly in the stationary phase than in the log phase. Upon re-start of the culture by inoculating the stationary phase cells into fresh medium, the nucleoid DNA re-entered a loosely packed state. The occurrence of these different architectural stages has been Nucleic Acids Research, 2004 , Vol. 32, No. 6 1983 suggested by the previous study in which E.coli cells were lysed in agarose gel (31) .
In parallel with the¯uorescence microscopy, the nucleoid was subjected to AFM imaging without staining (Fig. 1E±H ). In agreement with the observations by¯uorescence microscopy, the nucleoid in the lag phase cells partially came out from the cell and spread on the coverslide (Fig. 1E) . The nucleoid appears to consist of aggregations of small globular particles (~80 nm in diameter). In the log phase nucleoid, a number of thin ®bers (~40 and~80 nm in width) came out from the nucleoid (Fig. 1F) , indicating that the nucleoid is easily loosened by the detergent treatment. In the early stationary phase, the nucleoid was also spread around, but no thin ®ber was observed (Fig. 1G ). This`coral reef structure' was composed of a granular unit (~80 nm in diameter), suggesting that the 80 nm granular ®ber is further tightly folded in the early stationary phase. The late stationary phase nucleoid remained tightly packed even after the lysis treatment (Fig. 1H) . Thus, the overall packing of the nucleoid becomes tighter as the cells grow into the stationary phase. When the same procedure was applied to another bacterial strain, XL-1 blue, the same pattern of growth phase-dependent changes of the nucleoid structure was also observed (data not shown).
Fundamental structural unit of the nucleoid and its hierarchical structures
In the log phase nucleoid, which is most loosely packed during cell growth, thin ®bers with two different widths (~40 and~80 nm) were identi®ed ( Fig. 2A and C) . These ®bers correspond to the thin ®bers identi®ed by¯uorescence microscopy, which are supposed to be composed of DNA and nucleoid-related proteins. The`80 nm ®ber' apparently shows a solenoidal pitch of~40 nm ( Fig. 2A) . Thus, the`40 nm ®ber' could be a substructure of the 80 nm ®ber. In partially lysed log phase cells, the 80 nm ®ber formed a loop structure with~150 nm inside diameter (Fig. 2B ). These data suggest that the 40 nm ®ber is a fundamental structural unit of the nucleoid, which can be folded up into the 80 nm ®ber and further into a much higher order tight architecture in the stationary phase.
Fibers with granule-like structures were also observed in the lag, and early stationary phases. Since the nucleoids in these phases are less sensitive to the detergent, a released 40 nm ®ber was not observed ( Fig. 3A and B) . Although a single well-separated 80 nm ®ber was not obtained from these nucleoids, probably due to the tighter packing, the granular unit of 80 nm in diameter was clearly observed on the surface of these nucleoids ( Fig. 2A and B) . Judging from its stability against the lysis procedure and its occurrence throughout the growth phases, this`80 nm granular ®ber' is one of the basic units of the nucleoid architecture. However, in the late stationary phase, this structure was drastically changed into a tightly compacted one that was resistant to the mild detergent treatment (Fig. 3C ).
Dps plays a critical role in nucleoid compaction towards the stationary phase
The amount of each nucleoid-associated protein changes markedly during the growth phase transition from the log to the stationary phases (32) . In the stationary phase, Dps (DNAbinding protein from starved cells) becomes the most abundant nucleoid component (180 000 molecules per nucleoid) (32) . A genetic analysis has demonstrated that the expression of Dps is critical for survival under various kinds of stresses (26) . Therefore, we examined the nucleoid architecture of the W3110 strain depleted of the Dps protein.
The wild-type strain and the mutant strain that had the dps gene deleted (Ddps) (26) were cultured in LB medium and the intracellular protein compositions were analyzed by SDS± PAGE and immunoblotting. The Dps protein was hardly detected in the log phase, but was induced in the early stationary phase and remained present towards the late stationary phase in the wild-type cells (Fig. 4B, lanes 1±5 ). The induction of Dps (~22 kDa) in the stationary phase could be detected even with Coomassie brilliant blue staining. On the other hand, no induction of Dps was observed in the dps mutant strain (lanes 6±10). The amounts of other nucleoid-related proteins (HU and IHF) were not affected by the depletion of Dps (Fig. 4C and D) .
The dps mutant cells were subjected to the on-substrate lysis treatment and AFM observation. The detailed structure of the Dps-de®cient log phase nucleoid was almost similar to that of the wild-type nucleoid; 40 and 80 nm ®ber and loop structures were identi®ed ( Fig. 5A and B) . However, in contrast to the wild-type cells, the Ddps cells did not show a 
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coral reef structure in the early stationary phase and still released the 80 nm ®ber and the loop structures. In the late stationary phase, the nucleoid was still easy to lyse to expose the 40 and 80 nm ®ber and loop structures (Fig. 5C) , and was never transformed into the tightly packed state as seen in the wild-type nucleoid. This result proposes a critical role for the Dps protein in the higher order packing of the 80 nm ®ber towards the stationary phase. Our preliminary analyses with Clostridium (which lacks the dps gene) showed that the nucleoid did not tightly compact in the stationary phase (data not shown).
To further examine the possible role of Dps, the Ddps strain was subjected to a complementation test. The plasmid carrying the coding sequence of the dps gene under the control of the pT5/lac promoter was introduced into the W3110(Ddps) strain. The addition of IPTG (5 mM) induced the expression of Dps within 1 h (Fig. 6A) . The amount of protein reached the maximum level within 1 h and stayed almost constant for >18 h. When observed by AFM, the nucleoid in the stationary phase cells without induction (Fig. 6B) showed a similar structure to that without the plasmid (Fig. 5C) , demonstrating that the existence of the plasmid in the absence of IPTG had no apparent effect on the structure of the nucleoid. When Dps expression was induced by IPTG in the stationary phase, the nucleoid started to become tightly packed after 20 min, and became completely packed after 40 min of induction (Fig. 6C) , indicating that exogeneous Dps can swiftly induce nucleoid compaction in the stationary phase. On the other hand, when Dps was expressed in the log phase, the nucleoid was not condensed until the cells entered the stationary phase (Fig. 6D ) (see Discussion).
DISCUSSION
In this study, we developed an`on-substrate lysis procedure' suitable for specimen preparation for AFM. This on-substrate procedure has a good advantage over the biochemical methods involving puri®cation steps on a sucrose density gradient, because it allows structural observations of individual nucleoids with minimum mechanical disturbance. Using this procedure, we demonstrated that the nucleoid of growing E.coli consisted of several hierarchical higher order structures; the 40 and 80 nm ®bers and the loop structures.
The overall packaging status of the nucleoid changed greatly during cell growth, as evidenced by¯uorescence microscopy and AFM (Fig. 1) . Namely, the mild detergent treatment released the 40 and 80 nm ®bers from the log phase nucleoid, but not from the stationary phase ones. The different sensitivities to the detergent should re¯ect the differences in nucleoid packing; the log phase nucleoid is more loosely packed than the stationary phase nucleoid. This growthdependent difference in nucleoid packing is thought to be tightly coupled to the transcriptional and replicational activities of the genome.
The 40 and 80 nm ®bers play a central role in nucleoid packing
The close observation of the log phase nucleoid revealed two types of thin ®ber with diameters of~80 and~40 nm (Fig. 2A) .
Since the 80 nm ®ber has a repetitive unit with 40 nm pitches, a helical self-assembly of the 40 nm ®ber is thought to produce the 80 nm ®ber. It is important to note that the 40 nm ®ber frequently appeared in rapidly growing cells and that ®bers thinner than 40 nm could not be released in any of the growth phases. Therefore, it is reasonable to assume that the 40 nm ®ber could be a basic genome structure and more functional (active in transcription) than the 80 nm ®ber. Indeed, the 80 nm ®bers can still be seen inside the cells from the lag to the early stationary phases. Thus, the 80 nm ®ber might be related to transcriptional inactivation.
The log phase cells which were partially lysed showed the 80 nm ®ber forming a loop structure with an inside diameter of 150 nm (Fig. 2B ), indicating that a loop structure is a onestep higher order structure of the 80 nm ®ber. Based on these observations, a hierarchical model of the nucleoid packing can be deduced (Fig. 7) , in which the 40 nm ®ber forms the 80 nm ®ber by a helical self-assembly, and the 80 nm ®ber forms the loop. The 40 nm ®ber might be a structure corresponding to the 30 nm ®ber in eukaryotic chromosome and is probably composed of histone-like proteins and other nucleoid-related proteins. The`coral reef structure' in the early stationary phase Figure 5 . Dps induces a tight compaction of nucleoid in the stationary phase. Dps-de®cient mutant strain W3110 was cultured and harvested in the log (A), early stationary (B) or late stationary (C) phases. The areas within dotted squares were rescanned and are shown in the middle panels. The cells were subjected to the same lysis treatment as in Figure 1 and observed by AFM. The loop structure (inside diameter 128.50 T 17.78 nm, mean T SD) was observed in all growing phases. The statistical analyses of the ®ber width are summarized in the bottom panels (bin size, 10 nm). Scale bars, 500 nm. might re¯ect a speci®c structure previously observed in stationary phase cells (33) . It can be speculated that in this structure, the 80 nm ®ber is further folded up in a superhelical manner to form a globular surface topology. However, understanding of the detailed packing mechanism requires further investigations. 
Dps causes a tight compaction of the nucleoid in response to starvation
When the cells reached the stationary phase, the nucleoid structure was drastically changed into a tightly compacted con®guration (Fig. 1) . Since the Dps mutant cells did not show such a tight compaction of nucleoids in the stationary phase (Fig. 5) , and since, throughout their cell growth, they still retained the 80 nm ®ber and the loop structure, but not the coral reef structure (Fig. 5) , this tight compaction of the nucleoid is mediated by Dps. The complementation experiments showed that the highly compacted structures were induced in the Ddps strain in the stationary phase when the Dps protein was expressed, which supports the critical role of Dps in nucleoid compaction (Fig. 6C) . However, Dps expressed in the log phase did not immediately induce the nucleoid compaction, although the intracellular amount of Dps reached the maximum level (Fig. 6D) . These results suggest that an as yet unidenti®ed mechanism should cooperate with Dps for the compaction. It is also possible that some proteins in log phase might prohibit the Dps protein from binding to DNA, because Dps itself can directly bind to DNA in vitro (34, 35) . These issues need to be resolved in the future.
The Dps protein was ®rst identi®ed as a stress-induced protein (26) . It is a small peptide of mol. wt 19 kDa and is known to form a dodecameric complex (36) . It binds to DNA without sequence speci®city (26) . The amount of Dps in the log phase is very low (~7000 molecules/cell) compared with other nucleoid-related proteins (~60 000 molecules/cell for Fis, Hfq and HU) (37) . However, in the stationary phase, Dps becomes the most abundant protein (180 000 molecules/cell). It has previously been reported that over-expressed Dps proteins induce an intracellular crystalline structure in vivo (34, 35) . A similar phenomenon was also observed in vitro; puri®ed Dps proteins co-crystallized with DNA (34, 35) . The highly compacted nucleoid observed in the late stationary phase had characteristics shared with such a bio-crystal that was tightly compacted and completely resistant to the detergent treatment. Bacterial cells might protect their own nucleoid from environmental stresses by forming this kind of tightly compacted con®guration that is resistant to chemical and enzymatic reactions. Indeed, the Dps mutant cells are very sensitive to environmental stress (26, 38) . The formation of the coral reef structure might be the ®rst step towards this tight compaction, and the Dps protein plays a critical role in achieving such a higher order structure.
Escherichia coli contains many DNA-binding proteins, only some of which are involved in the nucleoid con®guration as the core nucleoid proteins. In log phase cells, several species of proteins, including Fis, Hfq, HU, StpA and H-NS, occupy the major surface of genomic DNA, while Dps and IHF are the major nucleoid proteins in stationary phase cells (37) . These structural proteins in¯uence the transcriptional level of sets of genes depending on their DNA-binding sites relative to the RNA polymerase-binding sites (39±41). Among these core nucleoid proteins, Dps and HU/IHF appear particularly important for the formation of a speci®c nucleoid con®guration because these proteins exist in a wide range of members of the bacterial kingdom (Table 1) . Detailed comparative examination of the nucleoid architecture lacking Fis, H-NS/StpA or Dps seems to be important for future investigations.
The 80 nm ®ber: a fundamental structure in chromosome packing
In the human mitotic chromosome, 70±80 nm granular structures were identi®ed by electron microscopy (42) and AFM (43) . AFM also detected similar granules (~75 nm in diameter) in the interphase chromosomes of HeLa cells (44) . In the mitotic chromosome of Drosophila melanogaster, ®brous structures of~40 and~80 nm widths were observed by electron microcopy (45) . In this study, by using AFM, we demonstrated that the E.coli nucleoid consists of several hierarchical higher order structures; the 40 and 80 nm ®bers and the loop structures. These lines of evidence suggest that the 30±40 nm thin ®ber and the 70±80 nm granular ®ber are fundamental structural units of the chromosome/nucleoid in eukaryotes and prokaryotes. Further detailed investigations of the chromosome folding mechanism in both eukaryotes and prokaryotes are required to test this possibility. 
Buchnera aphidicola (Schizaphis graminum)
Buchnera aphidicola (Baizongia pistaciae) Helicobacter pylori 26695 + ± + ± + + ± ± ± ± Helicobacter pylori J 9 9 + ± + ± + + + ± ± ± Campylobacter jejuni Mycoplasma genitalium ± ± ± ± ± + ± ± ± ± Mycoplasma pneumoniae ± ± ± ± ± + ± ± ± ± Mycoplasma pulmonis + ± ± ± ± + ± ± ± ± Mycoplasma penetrans + ± ± ± ± + ± ± ± ± Ureaplasma urealyticum + ± ± ± ± + ± ± ± ± Actinobacteria Mycobacterium tuberculosis H37Rv (lab strain) + ± ± ± ± + ± ± + + Mycobacterium tuberculosis CDC1551 + ± ± ± ± + ± ± + + Mycobacterium leprae + ± ± ± ± + ± ± + + Corynebacterium glutamicum ± ± + ± ± + ± ± + + Corynebacterium ef®ciens ± ± + ± ± + ± ± + + Streptomyces coelicolor + ± + ± ± + + ± + + Bi®dobacterium longum + ± + ± ± + ± ± + + Tropheryma whipplei Twist + ± + ± + + ± ± ± ± Tropheryma whipplei TW08/27 + ± + ± + + ± ± ± ± Fusobacteria
Fusobacterium nucleatum + ± + ± ± ± ± ± + ± Chlamydia
Chlamydia trachomatis + ± ± ± ± + ± ± ± ± Chlamydia muridarum + ± ± ± ± + ± ± ± ± Chlamydophila pneumoniae CWL029 + ± ± ± ± + ± ± ± ± Chlamydophila pneumoniae AR39 + ± ± ± ± + ± ± ± ± Chlamydophila pneumoniae J138 + ± ± ± ± + ± ± ± ± Chlamydophila caviae + ± ± ± ± + ± ± ± ± Spirochete Borrelia burgdorferi + ± + ± + + ± ± ± ± Treponema pallidum + ± + ± ± + ± ± ± ± Leptospira interrogans + ± + ± ± + ± + ± ± Cyanobacteria Synechocystis sp. PCC6803 + ± + ± + + ± ± + ± Thermosynechococcus elongatus + ± + ± ± + ± ± + ± Anabaena sp. PCC7120 (Nostoc sp. PCC7120) + ± + ± + + ± ± + ± Green sulfur bacteria Chlorobium tepidum + ± ± ± ± + ± ± ± + Radioresistant bacteria Deinococcus radiodurans + ± + ± ± + ± ± + +
Hyperthermophilic bacteria
Aquifex aeolicus + ± ± ± ± + ± + ± ± Thermotoga maritima + ± ± ± ± + ± + ± ±
The presence (+) and absence (±) of orthologs [for CbpA, DnaA, CbpB, Dps, HU/IHF (paralogs), Hfq, Fis, H-NS/StpA (paralogs)] or closely related homologs (for IciA/LysR, Lrp/AsnC) in various bacterial species was determined by homolog search (SSDB and the FASTA) in the KEGG databases. It should be noted that H-NS, HU, IHF, StpA and Dps were distributed among many species, whereas CbpA, CbpB, Fis and IciA were detected only in the restricted ones. 
